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CLINICAL PHARMACOLOGY ROUNDS 


Deficient C-oxidation of nicotine 


In must people, nicotine is extensively (70% to 60%) metabolized to cuminc by C-ocddztian. Id a clin¬ 
ical trial, a S7-yrar-old woman ms Found is have the expected plasma levels of nicotine bat unusually 
low plasma levels of corininc both when smoking dgarvtro and while receiving tianidexmal nicotine. To 
characterize her metabolism, simultaneous; itifiiaimt s of deuterium-labeled nicotine (dj) and cotuune (d.) 
were adminiltcred, with comparison to 20 other control smokers. The clearance of nicotine *•** unusu¬ 
ally low (6.5 rrtl/miaikg versus 17J- ml/mindtg), and die half-life of nicotine significantly longer (348 
minutes versus I3S min utes) in the index case subject compared with die control subjects. The clearance 
of cottnine wai normal The index caw subject convened, only 9% of nicotine to cotiniac, computed with 
72% for the control subject?, da for as we know, this is the first person with deficient C-oxidackm of 
nicotine id be characterized. Deficient C- nriti a rin n of nicotine is associated with a long half-lifr of nico¬ 
tine and deficient generatioo of cntminc, both of which could influence the risks and addict!venrat of 
tobacco uii in affected indrriduik. (Cun PkajlixacoL Tiffin 1995;57:590-4.) 

Neal L. Bcnowitz, MD, Peyton Jacob ELX, PhD, and David P. L. Sachs, MD 
San Fnndsm and Polo Ala, Gfdif. » 


Tobacco addiction is sustained by the pharmaco¬ 
logic actions of nicotine.' There is evidence that 
smokers adapt their smoking behavior To maintain de¬ 
sired levels of nicotine in the body. 1 ' 5 The level of 
nicotine in the body Is determined both by the in laic 
of nicotine, from tobacco and the rate of metabolism of 
nicotine by the liver. The major pathway of metabo¬ 
lism of nicotine is C-oxidation. to wtinine (big. I). 3 
Typically, 70% to *0% of nicotine is converted to co¬ 
niine. 3 Codeine, which has a much longer half-life 
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Fig. 1. Primaiy pathways of nicotine mmbolietD. 


than nicotine and ts present in the blood in manyfold 
higher ccncentratioua, is widely used as a btomarkci 
of nicotine exposure.'* Cotinir.e may also have phar¬ 
macologic activity that could contribute to nicotine ad¬ 
diction^ 

We report on a woman who had deficient Coxina¬ 
tion of nicotine, resulting in little generation of ccti- 
niuc and unusually slow metabolism of nicotine. 
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Fig. 2. Mean plasma concentrations of nicotine-dj (Kk-d2), cotiaine-dj <0x42), and eodoine-d. 
(Cot4S) during and after intravenous infusions of a 50:50 mixture of nicodno-dj and co firiPr .-ii, 
(2 fig basa/kg/min of cadi for 30 minutes; bcgmnjcg at time 0). A> Shows values up to 480 min¬ 
utes for index, ease subject. 6, Shows values up re 43 boors for index ease subject. C, Average 
da la for 20 control subjects up to 4S0 minutes. D, Average data for 2G control subjects up to 48 
bouts. Bars re present re 5EM. (C and D bunt Bcnowila HL, Jacob P. Cun PrutMacoL Turn 
1994^6:4*34)3. Used tilth penaisann.) 


METHODS 

The metabolism of nicotine and coaninc was stud¬ 
ied witla use of a combined infusion of 3'J'-dideutero- 
nicotins (nicotine-dj and 2,4,5,6-tetrademerocotioine 
(eotininc-d^). 8 Subjects were smdied at tbe General 
Clinical Research Center ut Sac Francisco General 
Hospital, where infusions were performed between 8 
and & ah after subjects fasted overnight. Subjects re¬ 
ceived a 30-rmnute infusion of a SO: SO mixture of 
nicotine-dj and cotmine-d*, each at a late of 2 
jtgikg/ram. Blood samples were collected at frequent 
intervals and urine was collected for 92 hours- Details 
of the synthesis of labeled compounds, the gas chro- 
matography-nms spectrometry assays for blood con- 


centurions, and techniques of pharmacokinetic analy¬ 
sis of the resultant data ate described elsewhere and 
references cited therein. 4 

As a control group for our index case subject, 20 
healthy subjects (10 men and 10 women; age range, 
23 to 51 years; mean age, 36 years) who smoked art 
average of 23 cigarettes a day (range, 10 to 50 ciga¬ 
rettes a day) were studied. Written consent was ob¬ 
tained from eaeh subject The study was approved by 
the Committee cm H uman Research at the University 
of California, San Francisco- Tlus data on the disposi¬ 
tion kinetics of nicotine and cotininc and fractional 
conversion of nicotine to corinine have been recently 
repotted. 4 This report focuses on an additional indi- 
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Table I. Disposition kinetics of nicotine and cotininc 
in index case subject and 20 control subjects 



Index case 
subject 

Control 

subjects 

{mean) 

95 % a 

Body weight (kg) 

562 

70.5 

42-6-98.4 

Nicotine^ 

CL (ml/min/tg) 

6.5* 

17.2 

6.9-27.5 

CL * (ml/jpinficg) 

2.0 

0.7 

0-2.2 

CL W » CftiL'min/kfc) 

4.4“ 

16.3 

4.6-26.6 

VssOAtg) 

2.8 

2.8 

1-4-1,2 

h/i (min) 

348* 

138 

64-212 

Cotinine-d^ 

CL (ml/min/Vg) 

0.50 

0.59 

0.19-0.99 

CL, (ml/min/kg) 

0.13 

0.08 

0.01-0.15 

CLj™ (ml/min/kg) 

0.37 

0.51 

0-0.93 

V„ (Dkg) 

0.93 

0.76 

0.37-1.16 

it, (mio) 

1335 

1047 

413-1680 

Nicotine metabolism 
id cotinine 

Fc 

0.09* 

0.72 

0.54-0.91 

CL, (NIC -* COT) 

0.4* 

12.1 

9.8-14.4 


93% CL 93% Caftfideaee inuafiril; Cl,, total pluma dunncz, CL*. renal 
clamiCT; cfiomi flnrwtt; V^, xa*dj-fatE vqIurk of distribu- 

coq: tuUMifc: Fc. fnaknul asavmJon cf nicpdac id cotimoc; CL« ftr* 

mitiou clearance of coqp'mc. 

dliJcr=3K toa uwv ) subject*. 


vidtial {described in mare detail in the Results sec¬ 
tion). Data era renal clearance (CLr), uonrenal clear¬ 
ance (CLjflt), and formation clearance (CLj) of 
cotinine (metabolic clearance of nicotine to cotinine) 
are presented for this individual and for the control 
group of 20. Data on CL* values of nicotine and coti- 
nine and CL* of cotinine for the control group have 
not been previously published. 

The CL* values of nicotine and cotininc were deter¬ 
mined from the area under the plasma concentration - 
time curve (AUQ over the 8 hours after the test infu¬ 
sions and the urinary excretion over the same time 
period as follows: 

, Urine excretion 

CL * * —aBc- 

fCL^jj,) was computed as follows: 

CL-CL, 

The Cl* of cotinine (i.e., the clearance of nicotine as¬ 
sociated with the formation of cotinine) was computed 
as follows: 

CL, = CL**.™; X Fc 

it) which Fc is the fractional conversion of nicotine to 
cotinine. 


As an in vivo probe for phenotypic cytochrome 
F45Q 2D6 activity, we administered 30 mg dextro¬ 
methorphan to the index case subject at bed rime on 
the evening of the third day after the nicotine-counine 
infusion. 7 An overnight urine collection was obtained 
for measurement of dextromethorphan and its metabo¬ 
lite dextrorphan by HPLC. 1 

RESULTS 

The index case subject was a 57-year-old woman 
who enrolled in a smoking cessation treatment study 
(tun by Dr. Sachs)? While smoking 20 cigarettes per 
day during the pre-quit baseline period, she had the 
expected plasma nicotine concentration of 23 to 32 
ng/ml (mean. 27.9 ng/mi: measured on three occa¬ 
sions), but she had an unusually low plasma coriniiie 
concentration of 33 to 38 ng/ml (mean, 3S.0 ng/ml) 
as opposed to an expected value of about 300 ng/mi 
for that level of smoking. Likewise, while receiving 
treatment with a nicotine patch that delivered IS mg 
every 16 hours and not smoking for 12 consecutive 
weeks, she had nicotine levels that averaged 17.9 
ng/ml, whereas cotinine levels averaged 22.8 ng/ml 
(plasma entinme to nicotine ratio, 1-2). In contrast, in 
95 people undergoing smoking cessation treatment 
with nicotine patch therapy at the same clinic and in 
whom abstention from cigarette smoking was docu¬ 
mented, the average ratio of plasma cotinine to 
plasma nicotine was 16.1 (95% confidence interval, 
12.8 to 19.3). 

The plasma concentrations of labeled nicotine and 
cotinine after intravenous infusion in the index case 
subject and in the control group of 20 smokers are 
shown in Fig. 2. In the control group, on average, 
72% of nicotine was converted to cotinine (Table I). 
There were no significant differences in nicotine or 
cotinine kinetics between men and women. In the 
index case subject, blood levels of cotinine-tl,. derived 
from nicorine-dj were extremely low, whereas the 
disposition kinetics of the infused eotinifte-d* were 
normal (Fig. 2 and Table I). The index case subject 
converted only 9% of nicotine to cotinine and bad 
an unusually low total clearance and CL^* (meta¬ 
bolic) of nicotine, as well as a long half-life of 
nicotine, compared with the contra! subjects. The 
CLj of cotinine was markedly low in the ituiex case 
subject. The kinetics of cotinine were s im il a r in the 
case subject and the control subjects. The metabolic 
ratio of dextromethorphan [o dextrorphan in the 
urine of this subject was 0.005, indicating chat she 
is an extensive metabolizer of this substrate for 
CYP2D6. 
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DISCUSSION 

This report provides the first complete 'tincue char- 
ZCtetization of a patient with deficient C-oxidation of 
nicotine to cotinine. The nature of the enzymatic de¬ 
fect is unknown. Nicotine is known to be converted to 
cotinine in a two-step process involving cytochrome 
P450 and cytosolic aldehyde oxidise. In studies of 
nicotine metabolism by human tniciosomcs in vitro, 
Cashman cl il. ,B found that CYP2A6 was the maitl 
isozyme responsible for nicotine C-oxidation. Flam- 
macg el al., u using a complementary deoxyribonu¬ 
cleic acid (cDNA)-directed expression system in hu¬ 
man hepatoma cells, reported that other cytochrome 
P45Q isozymes, including 2B6, 2C9, and 2E1, exhib¬ 
ited the greatest degree of metabolic activity for nico¬ 
tine. McCracken « sl., ls using a human P-lympho- 
blasuid cell cDNA expression system, found the 
greatest cotinine formation from nicotine for 2B6, 
2D6. and 2A6. Cholcrton tx a!. 13 recently reported 
five subjects in a group of 124 who had unusually 
high mcorine/corimne ratios in the urine after each had 
taken a capsule of nicotine orally. These subjects pre¬ 
sumably have relatively deficient C-oxidation of nico¬ 
tine, although they could also have abnormal metabo¬ 
lism or excretion of conntne. Of note is that these five 
subjects were found to be homozygous for CYP2D6 
mutations and were phenotypically poor rnatabolizers 
of debrisoquin. On the other hand, not all deficient 
metabolizes of debrisoquin were poor metaholizers of 
nicotine. In contrast, our index case subject was a fast 
ruetabolizer of dextromethorphan, another probe drug 
for CYP2D6 activity. 7 Therefore, although the enzy¬ 
matic defect responsible for deficient C-oxidation of 
nicotine in our subject has not been identified, we can 
exclude deficient CYP2D6 activity. 

Dcficicnt C-oxidation of nicotine appears to be as¬ 
sociated with unusually slow elimination of nicotine. 
We have shown previously that the clearance of nico¬ 
tine is positively correlated with the extent of conver¬ 
sion of nicotine to cotinine, indicating that the metab¬ 
olism by way of cotinine is the roost rapid pathway of 
nicotine metabolism.* Thai deficient generation of co¬ 
deine is associated with slow metabolism of nicotine 
is consistent with this proposition- 

The prevalence of deficient C-oxidation of nicotine 
in the population is unknown, but it appears to be 
low. We have studied the metabolism of nicotine and 
cotinine in more than ISO individuals and have seen 
only one other similar case (Benowitz NL, et ai. Un¬ 
published data, 1995). Of the 220 subjects in the 
smoking treatment trial, 5 based on plasma nicotine 
and cotinme measurements during ad libitum smoking 
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in the pre-quit baseline period, our index case subject 
was the only one who showed a very low cotinine to 
nicotine ratio. On the other band, Cholcrton et al. u 
reported five cases with high nicetimVcotinine ratios in 
124 people. It Ij unclear from the Cholcrton report 
whether the formation of cotinine was as low in these 
subjects as in our index case subject. Thus, based on 
the available data, the prevalence of deficient C-oxida¬ 
tion of nicotine appears to be somewhere between 
0.5% and 4% In the general population. 

The biological implications of deficient C-oxidation 
of nicotine are unclear but could be of great signifi¬ 
cance. Because smokers tend to regulate blood levels 
of nicotine from tobacco, slow roetabolizers of nico¬ 
tine might be expected to consume less tobacco smoke 
and therefore may be at a lesser risk for smoking- 
rclatcd disease. On the other hand, an unusually long 
half-life of nicotine would also mean that nicotine lev¬ 
els stay higher during the times that smokers are not 
Smoking, including overnight, potentially leading to 
greater adaptive changes in brain nicotinic receptors 
and perhaps more severe physical dependence. In ad¬ 
dition, eotimne may have pharmacologic activity that 
differs from that of nicotine but contributes to the ad¬ 
dictive or other pharmacologic effects of nicotine. 5 In¬ 
dividuals with deficient C-oxidation, as in our index 
case subject, would therefore be expected to experi¬ 
ence a lesser contribution of cotinine to the action of 
nicotine. 

Finally, cotinine measured in plasma, saliva, or 
urine is widely used as a biomarker of nicotine in¬ 
take from tobacco. 1 Cotinine levels might be used 
to stratify patients to likely levels of addiction and 
to predict optimal doses of nicotine replacement 
therapy (e.g,, nicotine gum or transdermal nicotine),. 
Individuals with deficient C-oxidation of nicotine 
may be incorrectly diagnosed as light smokers and 
be inappropriately treated. One way to detect these 
individuals would be to measure exhaled carbon 
monoxide or blood carboxyhemoglobin, as well as 
cotinine. If the carbon monoxide level is dispropor¬ 
tionately high compared with the cotinine level, a 
plasma nicotine measurement is suggested. The 
plasma cotinine to nicotine ratio would ascertain 
whether the anomaly represents deficient conversion 
of nicotine to cotinine. 

Wc thank Dr. tJibain Suwe (Knbi Pharmacia, Hdsing- 
boxg, Sweden) for initially noting the unusual cotinine level 
and bringing it to our attention: Patricia Holey, Sandra 
Tinerri, and Lynne Rowe for assistance in clinical studies - , 
Irving Fong and Dr. Thomas Dclahunty For analytical chem¬ 
istry; and Kaye Welch for editorial assistance. 
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